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1. INTRODUCTION {#eci12962-sec-0001}
===============

The availability of monoclonal antibodies (mAbs) for cancer therapy has significantly improved the therapeutic options of patients.[1](#eci12962-bib-0001){ref-type="ref"}, [2](#eci12962-bib-0002){ref-type="ref"}, [3](#eci12962-bib-0003){ref-type="ref"} Several mAbs are standard care of treatment nowadays, which has improved clinical outcome in a number of cancers such as B‐cell malignancies, melanoma and subsets of breast cancer. In many types of malignancies, benefits of mAb treatment are however modest, and improvement of therapeutic efficacy is warranted.[4](#eci12962-bib-0004){ref-type="ref"} Two different major classes of antibodies can be distinguished. First, antibodies can be directed against the tumour environment. These include mAbs that target angiogenic factors, such as the antivascular endothelial growth factor (VEGF) mAb bevacizumab.[3](#eci12962-bib-0003){ref-type="ref"} Additionally, prominent successes in especially melanoma treatment have been recently established by targeting checkpoints, such as cytotoxic T‐lymphocyte‐associated protein 4, programmed death 1 or programmed death ligand 1 on infiltrating immune cells.[5](#eci12962-bib-0005){ref-type="ref"} The second class of anticancer mAbs targets tumour cells directly. Once bound, mAbs can initiate multiple different effector functions, which can result in eradication of tumour cells. As mAbs mediate dissimilar mechanisms, depending on the target antigen or the antibody isotype, the main mode(s) of action of most clinical mAbs is still incompletely clear, in spite of an overwhelming number of in vitro, in vivo and patient studies.

mAbs can have direct and indirect mechanisms (Figure [1](#eci12962-fig-0001){ref-type="fig"}).[6](#eci12962-bib-0006){ref-type="ref"} Direct effects include induction of tumour cell death through cross‐linking of receptors or via blockade of receptor‐ligand interactions (Figure [1](#eci12962-fig-0001){ref-type="fig"}A). For instance, the anti‐HER‐2 mAb trastuzumab prevents dimerization and internalization of HER‐2, which hampers induction of intracellular signalling.[1](#eci12962-bib-0001){ref-type="ref"}, [2](#eci12962-bib-0002){ref-type="ref"}, [3](#eci12962-bib-0003){ref-type="ref"} This is only effective when tumour cells overexpress HER‐2. Anti‐epidermal growth factor receptor (EGFR) antibodies inhibit binding of EGF and thereby decrease proliferation. Mutations in signalling pathway downstream of EGFR (eg, in KRAS, BRAF) hamper the effectiveness of anti‐EGFR mAbs, as proliferation signals are still sent irrespective of blocking EGF binding to EGFR. Because treatment with anti‐EGFR mAbs is ineffective in patients with KRAS mutations, the involvement of this direct inhibitory effect on proliferation is supported.[7](#eci12962-bib-0007){ref-type="ref"} Complement‐dependent cytotoxicity (CDC) has been proposed as mode of action as well (Figure [1](#eci12962-fig-0001){ref-type="fig"}B). The Fc part of IgG can bind to the complement component C1q, which will activate the classical pathway. The terminal components (C5‐C9) of the complement pathway form a membrane attack complex that creates pores in the target cell membrane, resulting in lysis. In some mouse models, an important role for CDC after mAb therapy was found, but not in others.[8](#eci12962-bib-0008){ref-type="ref"}, [9](#eci12962-bib-0009){ref-type="ref"} Clear evidence in patients is lacking, although it has been reported that polymorphisms in the C1QA gene correlated with clinical responses after rituximab treatment in patients with follicular lymphoma.[10](#eci12962-bib-0010){ref-type="ref"}

![Modes of antibody‐induced killing of tumour cells. A, mAbs can exert direct effects on tumour cell survival or proliferation via induction of apoptosis or blockade of growth factor binding, which inhibits downstream signalling leading to growth arrest. B, IgG binds the complement factor C1q, resulting in activation of the classical complement system that ultimately leads to formation of the membrane attack complex, which induces lysis of the tumour cell. This process is referred to as complement‐dependent cytotoxicity (CDC). C‐E, Antibody‐opsonized tumour cells can be recognized and killed by a large variety of Fc receptor‐expressing immune cells. Among them are (C) NK cells that recognize IgG‐opsonized tumour cells via FcγRIIIa. Interaction induces ADCC and leads to apoptosis in the tumour cell. D, Macrophages express various FcγRs that allows phagocytosis of the opsonized target cell (ADCP). E, The dominant Fc receptor on neutrophils is FcαRI that functionally recognizes IgA‐opsonized tumour targets. In contrast to the well‐established killing modes of NK cells and macrophages, the mechanisms of neutrophil‐induced tumour killing are still under debate](ECI-48-na-g001){#eci12962-fig-0001}

Through interaction with the IgG Fc domain, mAbs furthermore bind to IgG Fc receptors (Fcγ receptors) and in this way bridge tumour cells with immune effector cells. Requirement of Fcγ receptor‐mediated mechanisms for in vivo efficacy was demonstrated for most mAbs. Loss of activating Fcγ receptors abrogated therapeutic efficacy, whereas the absence of the inhibitory receptor FcγRIIb enhanced the eradication of tumour after mAb therapy.[11](#eci12962-bib-0011){ref-type="ref"} The importance of Fcγ receptor‐mediated mechanisms was also shown in patient studies, as Fcγ receptor polymorphisms that affect binding affinities to IgG (FcγRIIa‐131H/R or FcγRIIIa‐158V/F) were associated with clinical responses after anti‐CD20, anti‐EGFR or anti‐HER‐2 mAb therapy in lymphoma, colorectal or breast cancer, respectively.[1](#eci12962-bib-0001){ref-type="ref"}, [2](#eci12962-bib-0002){ref-type="ref"}, [3](#eci12962-bib-0003){ref-type="ref"}, [4](#eci12962-bib-0004){ref-type="ref"} Two major effector cell populations have been identified. Natural killer (NK) cells induce apoptosis in tumour cells via release of perforins and granzymes or through activation of death receptor pathways, which is referred to as antibody‐dependent cellular cytotoxicity (ADCC) (Figure [1](#eci12962-fig-0001){ref-type="fig"}C).[12](#eci12962-bib-0012){ref-type="ref"} Additionally, antibody‐dependent phagocytosis (ADCP) by macrophages is an effective mechanism to eradicate tumour cells after mAb therapy (Figure [1](#eci12962-fig-0001){ref-type="fig"}D).[9](#eci12962-bib-0009){ref-type="ref"}, [13](#eci12962-bib-0013){ref-type="ref"}, [14](#eci12962-bib-0014){ref-type="ref"}, [15](#eci12962-bib-0015){ref-type="ref"} The involvement of neutrophils after mAb therapy is less clear, even though these are potent cytotoxic cells that express Fc receptors (Figure [1](#eci12962-fig-0001){ref-type="fig"}E). Moreover, the increasing evidence supports a role in regulating adaptive immune responses. It is now generally accepted that for curative treatment, antibody immunotherapies must not only induce direct tumour cell killing but also initiate potent adaptive immune responses to establish long‐lasting cancer‐specific immunity. As such, neutrophils may represent promising effector cells in mAb therapy of cancer.

2. NEUTROPHILS AS EFFECTOR CELLS {#eci12962-sec-0002}
================================

2.1. Tumoricidal ability of neutrophils {#eci12962-sec-0003}
---------------------------------------

Neutrophils are the most abundant circulating white blood cell population, and their numbers can easily be augmented through treatment with granulocyte colony‐stimulating factor (G‐CSF) or granulocyte‐macrophage colony‐stimulating factor (GM‐CSF).[16](#eci12962-bib-0016){ref-type="ref"} Massive accumulation of neutrophils was observed in murine colon carcinoma tumours that had been transduced with the G‐CSF gene, which resulted in elimination.[17](#eci12962-bib-0017){ref-type="ref"} The relative ease of obtaining large numbers of effector cells without the need for ex vivo expansion represents a major advantage of recruiting neutrophils for mAb therapy of cancer. Neutrophils can be tumoricidal in the absence of mAbs. For instance, the antitumour effect of *Bacillus Calmette‐Guérin* (BCG)‐based immunotherapy of bladder cancer was absent when neutrophils had been depleted.[18](#eci12962-bib-0018){ref-type="ref"} Nonetheless, the cytotoxic ability of neutrophils is greatly increased after mAb therapy, and it was shown that neutrophils were necessary and sufficient for elimination of subcutaneous tumours after mAb therapy.[19](#eci12962-bib-0019){ref-type="ref"} Additionally, selective depletion of neutrophils significantly reduced protective activity of treatment with the anti‐CD52 IgG mAb alemtuzumab (Campath‐1H) in a xenograft mouse model of CD52^+^ tumours.[20](#eci12962-bib-0020){ref-type="ref"} Cotreatment with G‐CSF furthermore augmented therapeutic activity. Similarly, rituximab treatment was less effective in a B‐cell lymphoma model in SCID mice after depletion of neutrophils.[21](#eci12962-bib-0021){ref-type="ref"} Efficacy of a cotreatment of an antitumour antibody, recombinant interleukin‐2 with an extended half‐life, anti‐PD‐1 and a T‐cell vaccine, was decreased after depletion of neutrophils, which was comparable to depletion of macrophages or NK cells. Depletion of CD8 cells abrogated therapeutic efficacy of this cocktail most prominently.[22](#eci12962-bib-0022){ref-type="ref"}

Recruitment of tumoricidal neutrophils was induced when a combination therapy with β‐glucan was given, which increased the protective ability of mAbs in animal models.[23](#eci12962-bib-0023){ref-type="ref"}, [24](#eci12962-bib-0024){ref-type="ref"} It was recently demonstrated that Imprime PGG (a clinical grade soluble β‐glucan) formed immune complexes with naturally occurring anti‐β glucan antibodies in human blood, which activated complement and primed neutrophils and monocytes via complement receptor 3 and FcγRIIa.[25](#eci12962-bib-0025){ref-type="ref"} The combination of Imprime PGG and cetuximab (anti‐EGFR mAb) treatment of patients with stage‐IV KRAS‐mutant colorectal cancer showed modest clinical activity, suggesting that priming of innate myeloid cells occurs in vivo.[26](#eci12962-bib-0026){ref-type="ref"} The evidence supporting an active role for neutrophils in current IgG‐based immunotherapies is however limited. Effectiveness of treatment of patients with neuroblastoma with an antiganglioside GD2 mAb (in combination with GM‐CSF) was dependent on a polymorphism in FcγRIIa (H131/R131),[27](#eci12962-bib-0027){ref-type="ref"} which may suggest that neutrophils were involved as effector cells. However, as FcγRIIa is widely expressed on immune cells, including neutrophils, monocytes, macrophages and dendritic cells (Figure [2](#eci12962-fig-0002){ref-type="fig"}), it cannot be excluded that this combination treatment regime also induces the generation of adaptive immune responses through antigen presentation. Likewise, higher response rates were observed when patients with follicular lymphoma were cotreated with rituximab and GM‐CSF.[28](#eci12962-bib-0028){ref-type="ref"} This may be due to increased neutrophil numbers and activity, but a role for other myeloid immune cells cannot be excluded.

![Fc receptors on effector cells. The principal Fc receptors for IgG, IgE and IgA, as well as associated signalling chains, are shown. FcγRI, FcγRIIa, FcγRIIIa, FcεRI and FcαRI are activating receptors. FcγRIIb contains an ITIM motif and is an inhibitory receptor, whereas FcγRIIIb is a GPI‐linked molecule without associated signalling chains. FcRn is involved in recycling of IgG and transport of immune complexes. Affinity, function and global cell distribution are indicated. ITAM: immunoreceptor tyrosine‐based activation motif, ITIM; immunoreceptor tyrosine‐based inhibitory motif](ECI-48-na-g002){#eci12962-fig-0002}

In addition to FcγRIIa, neutrophils constitutively express the low to intermediate affinity IgG Fc receptors FcγRIIIb (CD16), as well as the inhibitory receptor FcγRIIb on subpopulations (Figure [2](#eci12962-fig-0002){ref-type="fig"}).[29](#eci12962-bib-0029){ref-type="ref"}, [30](#eci12962-bib-0030){ref-type="ref"} FcγRIIIb, a glycosyl‐phosphatidylinositol‐anchored receptor, is the most abundant Fcγ receptor on neutrophils but likely not significantly involved in efficient killing of IgG‐opsonized tumour cells.[31](#eci12962-bib-0031){ref-type="ref"} It has been hypothesized that FcγRIIIb acts as decoy receptor for Fc‐engineered IgG1 antibodies.[32](#eci12962-bib-0032){ref-type="ref"} As such, IgG2 antibodies may represent an interesting antibody isotype for neutrophil recruitment, due to its lower affinity for FcγRIIIb.[33](#eci12962-bib-0033){ref-type="ref"}

The treatment with IFN‐γ or G‐CSF upregulates the high‐affinity Fc receptor for IgG (FcγRI; CD64). Specific targeting of FcγRI with bispecific antibodies (BsAb) has been employed as strategy to overcome potential inhibition via FcγRIIb. In vitro, FcγRI BsAb proved very effective in recruiting FcγRI‐expressing neutrophils of G‐CSF‐treated patients as effector cells.[34](#eci12962-bib-0034){ref-type="ref"} Several FcγRI BsAb directed against a multitude of tumour antigens have been described that target different malignancies.[16](#eci12962-bib-0016){ref-type="ref"} Furthermore, in vivo efficacy of FcγRI BsAb in combination with G‐CSF or CpG (an adjuvant derived from bacterial DNA) was demonstrated in FcγRI transgenic mice.[35](#eci12962-bib-0035){ref-type="ref"}, [36](#eci12962-bib-0036){ref-type="ref"} Subsequently, several phase I/II clinical trials were performed to demonstrate clinical efficacy of FcγRI BsAb in patients with cancer.[16](#eci12962-bib-0016){ref-type="ref"}, [37](#eci12962-bib-0037){ref-type="ref"} Treatment was generally well‐tolerated, and some partial clinical responses were observed. Combination treatments with G‐CSF, GM‐CSF or IFN‐γ have been tried as well to improve clinical outcome. This did, however, not result in significantly improved outcome, but induced severe side effects in some cases, leading to discontinuation of therapy. Thus, overall efficacy of FcγRI BsAb treatment was disappointing.[16](#eci12962-bib-0016){ref-type="ref"}, [37](#eci12962-bib-0037){ref-type="ref"} This may have been due to the fact that patients who were included in these trials had advanced disease and were heavily pretreated. FcγRI BsAb furthermore had a short half‐life, which likely contributed to the lack of prominent clinical responses.

It has become clear that targeting Fcγ receptors on neutrophils is far less effective than targeting the Fc receptor for IgA (FcαRI, CD89), which is also constitutively expressed by neutrophils (Figure [2](#eci12962-fig-0002){ref-type="fig"}).[38](#eci12962-bib-0038){ref-type="ref"}, [39](#eci12962-bib-0039){ref-type="ref"} Moreover, immature bone marrow neutrophils were able to kill tumour cells after targeting FcαRI, but were ineffective when FcγRI was triggered.[40](#eci12962-bib-0040){ref-type="ref"} The superior ability of FcαRI to trigger neutrophil‐mediated tumour cell killing has now been demonstrated for a plethora of tumour cells and antigens (eg, Ep‐CAM (colon carcinoma), HER‐2 (mamma carcinoma), EGFR (epithelial, colorectal and renal cell carcinoma), carcinoembryonic antigen, CD30 (B‐ and T‐cell lymphoma), HLA class II and CD20 (B‐cell lymphoma)).[16](#eci12962-bib-0016){ref-type="ref"}, [41](#eci12962-bib-0041){ref-type="ref"}, [42](#eci12962-bib-0042){ref-type="ref"}, [43](#eci12962-bib-0043){ref-type="ref"}, [44](#eci12962-bib-0044){ref-type="ref"} An anti‐EGFR dimeric IgA variant initiated neutrophil‐mediated tumour killing and was also transported by the polymeric Ig receptor that is expressed on epithelial cells, which may be useful when targeting mucosal tumours.[45](#eci12962-bib-0045){ref-type="ref"} Interestingly, FcαRI is the only neutrophil Fc receptor that after cross‐linking induces the release of leukotriene B4, which is a potent chemoattractant for neutrophils.[46](#eci12962-bib-0046){ref-type="ref"} Migration towards 3‐dimensional tumour colonies was only observed in the presence of FcαRI BsAb or IgA, whereas targeting Fcγ receptors did not result in neutrophil accumulation.[40](#eci12962-bib-0040){ref-type="ref"} Recruitment was furthermore enhanced in the presence of an endothelial cell monolayer, which was due to interleukin‐8 production by endothelial cells in response to release of pro‐inflammatory mediators (interleukin‐1β and tumour necrosis factor‐α) by neutrophils (Figure [3](#eci12962-fig-0003){ref-type="fig"}).[47](#eci12962-bib-0047){ref-type="ref"} Recently, a meta‐analysis of the expression signatures from ∼18 000 human tumours demonstrated that a high neutrophil content in tumours is correlated with poorer prognosis,[48](#eci12962-bib-0048){ref-type="ref"} which may be due to their immunosuppressive functions in the tumour microenvironment.[49](#eci12962-bib-0049){ref-type="ref"} As granulocytic subsets of myeloid‐derived suppressor cells (gMDSC) express FcαRI (own unpublished data), it would be interesting to investigate whether it is possible to retarget gMDSC into pro‐inflammatory neutrophils. If so, determining the immune landscape of tumours may help to identify patients that have a prominent granulocyte infiltration, and as such may benefit most from therapy with IgA antitumour antibodies.

![IgA induces neutrophil swarming towards tumour cells. IgA‐opsonized tumour cells elicit a remarkable cascade of activation in neutrophils, resulting in swarming behaviour and killing of the tumour. (1) IgA binds to tumour antigens, which is (2) recognized by neutrophils via their FcαRI. The binding of IgA results in FcαRI cross‐linking and (3) subsequent release of LTB4, TNF‐α and IL‐1β by neutrophils. LTB4 is a chemoattractant and activator for other neutrophils that will amplify the recruitment signal. (4) TNF‐α and IL‐1β induce CXCL8 release by endothelial cells, which further enhances neutrophil migration. (5) This feed‐forward loop of neutrophil recruitment, LTB4 release and subsequent neutrophil activation results in (6) neutrophil swarming behaviour towards IgA‐opsonized tumour cells that ultimately may lead to (7) tumour cell death](ECI-48-na-g003){#eci12962-fig-0003}

In vivo studies with IgA have been hampered due to the lack of suitable animal models. Mice do not express an FcαRI homologue. Although this problem has been addressed by creating a human FcαRI transgenic mouse model in which neutrophils express FcαRI,[50](#eci12962-bib-0050){ref-type="ref"} it has only partly solved the problem, as FcαRI only binds human IgA, which has a short half‐life in mice. Treatment with IgA2 anti‐EGFR mAbs successfully reduced the number of peritoneal and lung metastases in FcαRI transgenic mice, although FcαRI^+^ macrophages, and not neutrophils, were likely the effector cells in this model.[51](#eci12962-bib-0051){ref-type="ref"} However, IgA had to be injected daily, as the estimated half‐life of human IgA2 anti‐EGFR antibodies in mice was approximately 15 hours. In comparison, human IgG1 anti‐EGFR antibodies had a half‐life of approximately 4 days in mice,[51](#eci12962-bib-0051){ref-type="ref"} due to recycling via the neonatal Fc receptor FcRn (Figure [2](#eci12962-fig-0002){ref-type="fig"}). Recently, IgA anti‐HER‐2 antibody variants were generated that contained an albumin‐binding domain in its light chain (IgA‐ABD‐LC), as albumin also interacts with FcRn[52](#eci12962-bib-0052){ref-type="ref"} Anti‐HER‐2 IgA‐ABD‐LC antibodies were equally effective in inducing SKBR3 breast cancer cell killing by neutrophils in vitro compared to the parental anti‐HER‐2 IgA. Furthermore, anti‐HER IgA‐ABD‐LC was slightly more effective in reducing tumour burden in a xenograft mouse model, but the relative contribution of neutrophils as effector cells still needs to be established. Similarly, engineering of an IgA anti‐EGFR antibody, which lacked two N‐glycosylation sites and two free cysteines but had stabilized heavy and light chain linkage, has been described.[53](#eci12962-bib-0053){ref-type="ref"} This modified IgA showed improved half‐life and was equally effective as IgG1 anti‐EGFR antibodies in reducing tumour outgrowth. Thus, IgA antitumour mAbs have prominent therapeutic efficacy in vivo, especially after modifications have been made to improve half‐life.

Additionally, it was demonstrated that a "cross‐isotype" antibody (referred to as IgGA), in which properties of IgG and IgA1 had been combined, bound to FcγRI, FcγRIIa and FcαRI with similar affinities compared to IgG and IgA1, respectively.[54](#eci12962-bib-0054){ref-type="ref"} IgG anti‐HER‐2 antibodies were unable to activate neutrophils, but IgGA anti‐HER‐2 antibodies potently induced killing of SKBR3 breast cancer cells by neutrophils. Comparable results were found with a tandem IgG1/IgA2 antibody format, which activated neutrophils through the incorporated IgA domain, while retaining binding to Fcγ receptors, including FcRn.[55](#eci12962-bib-0055){ref-type="ref"} Thus, an IgG/IgA hybrid molecule may enhance therapeutic efficacy through several mechanisms. First, it was demonstrated that simultaneous engagement of FcαRI and FcγRI on neutrophils enhanced killing of antibody‐coated tumour cells.[56](#eci12962-bib-0056){ref-type="ref"} Second, the IgG part may recruit NK cells and/or macrophages as effector cells and may induce CDC. And finally, through interaction with FcRn, half‐life will be increased compared to IgA.

2.2. Mechanisms of antibody‐dependent elimination of tumour cells by neutrophils {#eci12962-sec-0004}
--------------------------------------------------------------------------------

The mechanism(s) through which neutrophils kill tumour cells remain elusive, although several modes of action have been described that may play a role (Figure [4](#eci12962-fig-0004){ref-type="fig"}). Neutrophils produce multiple cytotoxic molecules such as reactive oxygen species (ROS), proteases and defensins, which is consistent with their potent antimicrobial functions.[57](#eci12962-bib-0057){ref-type="ref"} Some of these molecules, such as defensins, induced damage to cell membranes, especially in the presence of H~2~O~2~ [15](#eci12962-bib-0015){ref-type="ref"} (Figure [4](#eci12962-fig-0004){ref-type="fig"}A). Myeloperoxidase, which is involved in release of the ROS hypochlorous acid (HOCl), was required for neutrophil‐mediated tumour cell killing in the absence of antibodies. Remarkably, antibody‐mediated tumour cell killing by neutrophils was not dependent on ROS production. Neither ROS scavengers nor inhibitors hampered this process. Similarly, neutrophils from patients with chronic granulomatous disease, which are unable to produce ROS, still effectively mediated tumour cell killing in the presence of mAbs.[58](#eci12962-bib-0058){ref-type="ref"} This also questions the absolute necessity of neutrophil extracellular traps (NETs) for induction of tumour cell killing (Figure [4](#eci12962-fig-0004){ref-type="fig"}B). NETs are composed of nuclear components such as DNA and histones as well as specific granular and cytoplasmic proteins, including myeloperoxidase and elastase.[59](#eci12962-bib-0059){ref-type="ref"} Generally, release of NETs requires ROS production. As such, neutrophils of patients with chronic granulomatous disease cannot form NETs, but are nonetheless capable of mediating antibody‐dependent tumour cell killing. However, as it was shown that NETs induce endothelial and epithelial cell damage and death,[60](#eci12962-bib-0060){ref-type="ref"} NETs may contribute to tumour cell death when present. We recently demonstrated that IgA greatly enhances NET formation by neutrophils.[61](#eci12962-bib-0061){ref-type="ref"}

![Mechanisms of antibody‐dependent elimination of tumour cells by neutrophils. The mechanisms by which neutrophils kill antibody‐opsonized tumour cells are ill‐understood and sometimes controversial. The mode(s) of action depends among others on the type of antibody, target cell and (density of) tumour epitope. This large number of variables might explain the variety of distinct effector mechanism that has been described in the literature. This includes tumour cell killing via A, degranulation; B, release of neutrophil extracellular traps (NETs); C, apoptosis; D, autophagic cell death; E, necrosis; F, phagocytosis and G, uptake of tumour‐derived membrane resembling trogocytosis. The outcome of the latter process is controversial. Trogocytosis may contribute to killing, but it has also been shown that this process by contrast protects tumour cells by shaving off tumour antigen‐antibody complexes. Pictures in f and g were acquired with a Leica TCS SP8 STED 3X super‐resolution microscope equipped with white light laser and Hybrid photodetectors. Neutrophils (green) and rituximab opsonized human B‐CLL (red) in the spleen of a LysM‐EGFP mice were recorded with a voxel size of 0.38 × 0.38 × 1 μm, a 40× numerical aperture (NA) 1.3 oil immersion objective and a pixel dwell time of 1.96 μs](ECI-48-na-g004){#eci12962-fig-0004}

It has been reported that neutrophils may induce apoptosis in tumour cells (Figure [4](#eci12962-fig-0004){ref-type="fig"}C). Incubation of HER‐2‐expressing tumour cells for 20 hours with neutrophils and anti‐HER‐2 mAbs resulted in ADCC (as detected by[51](#eci12962-bib-0051){ref-type="ref"} Cr release assays) as well as in induction of apoptosis.[58](#eci12962-bib-0058){ref-type="ref"} However, it is unclear how the latter was mediated, as this process was perforin and caspase‐independent, which are both employed by NK cells and cytotoxic T lymphocytes for apoptosis induction. Moreover, the expression of granzymes and perforin in neutrophils is contested.[16](#eci12962-bib-0016){ref-type="ref"} Two additional nonapoptotic cell death pathways have been described when neutrophil FcαRI was engaged as target molecule.[62](#eci12962-bib-0062){ref-type="ref"} The majority of tumour cells underwent autophagy, as evidenced by formation of LC3b‐positive autophagosomes (Figure [4](#eci12962-fig-0004){ref-type="fig"}D). Autophagy is a cell survival mechanism that involves self‐digestion to generate energy. Under disproportionate stress conditions or apoptosis resistance, autophagy may lead to cell death, although it is debatable whether this represents an autophagic cell death pathway or simply a failure of the cell to survive.[63](#eci12962-bib-0063){ref-type="ref"} The latter may be reflected by the fact that many tumour cells died through necrosis when incubated with FcαRI BsAb and neutrophils (Figure [4](#eci12962-fig-0004){ref-type="fig"}E).[62](#eci12962-bib-0062){ref-type="ref"} Phagocytosis of small B‐CLL cells by neutrophils in the presence of (glycoengineered) anti‐CD20 mAbs has also been described (ref [64](#eci12962-bib-0064){ref-type="ref"}, and own unpublished data; Figure [4](#eci12962-fig-0004){ref-type="fig"}F), although this is likely a very specific situation, as in general most tumour cells are too big to be phagocytosed by neutrophils. It was however shown that neutrophils and tumour cells have intimate contact in the presence of mAbs, resulting in mutual exchange of fluorescent membrane lipid dyes, which resembles trogocytosis (Figure [4](#eci12962-fig-0004){ref-type="fig"}G). Whether trogocytosis results in tumour cell death is still under debate. Whereas accumulation of neutrophils with tumour cell‐derived membrane lipids was associated with effective killing of SKBR3 breast cancer cells (ref 58 and Hanke Matlung & Timo van den Berg, personal communication, 2018), trogocytosis of chronic lymphocytic leukaemia B cells (B‐CLL) by neutrophils did not lead to a diminished number of tumour cells.[65](#eci12962-bib-0065){ref-type="ref"} In this case, trogocytosis may by contrast result in removal of the antibody from the tumour cell surface, hereby hampering therapeutic efficacy.

Although the mechanism(s) of neutrophil‐mediated tumour cell death have not been fully elucidated, it is known that close contact, referred to as the "immunological" or "cytotoxic synapse," is required. Complement receptor 3 (CR3) was essential for formation of the synapse, as CR3^−/−^ neutrophils were unable to spread on antibody‐coated tumour cells, resulting in absence of tumour cell killing.[50](#eci12962-bib-0050){ref-type="ref"}, [66](#eci12962-bib-0066){ref-type="ref"} Furthermore, treatment with the antimelanoma mAb TA99 was less effective in CR3^−/−^ mice, although formally it was not demonstrated that therapeutic efficacy was dependent on neutrophils.[67](#eci12962-bib-0067){ref-type="ref"} Nonetheless, in vivo occurrence of cytotoxic synapses between neutrophils and tumour cells after mAb therapy was previously reported.[68](#eci12962-bib-0068){ref-type="ref"}

3. NEUTROPHILS AND REGULATION OF ADAPTIVE IMMUNE RESPONSES {#eci12962-sec-0005}
==========================================================

Neutrophils have long been regarded as terminally differentiated cells without prominent biosynthesis ability. It has, however, become clear that neutrophils can modulate immune responses through secretion of inflammatory mediators, cytokines and chemokines as well as via direct cell‐cell contact (Figure [5](#eci12962-fig-0005){ref-type="fig"}) (previously extensively reviewed by others[69](#eci12962-bib-0069){ref-type="ref"}, [70](#eci12962-bib-0070){ref-type="ref"}). In an influenza model, neutrophils that migrated to the infection site paved the way for CD8 T cells, by depositing a membranous trail, which contained the chemokine CXCL12 to serve as a chemokine map for migrating CD8 T cells (Figure [5](#eci12962-fig-0005){ref-type="fig"}A).[71](#eci12962-bib-0071){ref-type="ref"} In addition, it was hypothesized that neutrophils act as danger sensors by communicating the presence of infection to dendritic cells (Figure [5](#eci12962-fig-0005){ref-type="fig"}B).[72](#eci12962-bib-0072){ref-type="ref"}, [73](#eci12962-bib-0073){ref-type="ref"} Moreover, several in vivo studies have demonstrated the ability of neutrophils to transport antigen to lymphoid organs, which indirectly or directly promoted antigen cross‐presentation to T cells (Figure [5](#eci12962-fig-0005){ref-type="fig"}C).[74](#eci12962-bib-0074){ref-type="ref"}, [75](#eci12962-bib-0075){ref-type="ref"} Furthermore, it was shown that neutrophils promote maturation and function of NK cells (Figure [5](#eci12962-fig-0005){ref-type="fig"}D).[76](#eci12962-bib-0076){ref-type="ref"} In bladder cancer mouse models, depletion of neutrophils led to decreased CD4 T‐cell recruitment and reduced CD8 T‐cell activation, resulting in enhanced tumour outgrowth (Figure [5](#eci12962-fig-0005){ref-type="fig"}E).[18](#eci12962-bib-0018){ref-type="ref"} Conversely, it was recently shown that neutrophils suppressed CD8 T cells in a mouse breast cancer model and promoted metastasis (Figure [5](#eci12962-fig-0005){ref-type="fig"}E).[77](#eci12962-bib-0077){ref-type="ref"} Thus, depending on the tumour micro milieu, neutrophils can have opposite effects on (adaptive) immune responses. This may also depend on the stages of tumour development. For instance, it was shown that in early‐stage human lung cancer tumour‐associated neutrophils stimulate T‐cell responses.[78](#eci12962-bib-0078){ref-type="ref"}, [79](#eci12962-bib-0079){ref-type="ref"} Little is known about the role of neutrophils in inducing adaptive immune responses after antibody therapy of cancer. However, it was demonstrated that neutrophils release pro‐inflammatory cytokines after cross‐linking of FcαRI, suggesting that activated neutrophils may be able to counteract the immunosuppressive tumour environment.[47](#eci12962-bib-0047){ref-type="ref"}

![Neutrophils and regulation of adaptive immune responses. Neutrophils modulate immune responses via secretion of inflammatory mediators, cytokines and chemokines as well as via direct cell‐cell contact. A, It was shown that neutrophils can direct T‐cell recruitment via secretion of CXCL12‐rich membrane trails. B, At sites of infection, neutrophils may act as danger sensors by communicating the presence of infection to dendritic cells. C, Neutrophils can transport antigens to lymphoid organs, which directly or indirectly promotes antigen cross‐presentation to T cells. D, In the spleen and lymphoid organs, direct cell‐cell contact between neutrophils and NK cells is required for maturation of NK cells E, Neutrophils can have opposite functions in cancer, depending on the microenvironment. Left panel: In bladder cancer, neutrophils contribute to recruitment of T cells and promote T cell--mediated killing of tumour cells. Right panel: In breast cancer, neutrophils suppress CD8 T cells and promote metastasis](ECI-48-na-g005){#eci12962-fig-0005}

4. CONCLUDING REMARKS AND FUTURE DIRECTIVES {#eci12962-sec-0006}
===========================================

Neutrophils may represent promising effector cells in antibody‐based immunotherapy of cancer for a number of reasons. Firstly, they already represent a formidable army of effector cells, and their numbers can be easily expanded without the need for complicated ex vivo culture or manipulation, which is necessary for, for example, NK cells, dendritic cells or (CAR) T cells. Secondly, neutrophil kills via several nonapoptotic mechanisms, which may be advantageous when tumour cells have mutations in apoptosis pathways. Thirdly, neutrophils can regulate adaptive immune responses, which may lead to in situ generation of long‐term antitumour immunity. The contribution to current IgG‐based immunotherapies is likely limited. However, when the inhibitory SIRPα‐CD47 pathway was simultaneously blocked, killing of breast cancer cells by neutrophils in the presence of IgG anti‐HER‐2 mAbs was significantly enhanced.[80](#eci12962-bib-0080){ref-type="ref"} A cotreatment with antagonistic antibodies against CD47 or SIRPα may therefore greatly enhance the contribution of neutrophils as effector cells in IgG‐based antibody therapy. Alternatively, targeting of FcαRI with IgA, or hybrid IgA/IgG antibodies may result in prominent recruitment of neutrophils as cytotoxic effector cells.
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